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Abstract

The work reported here is part of a ‘multiscale charactesizastudy of heterogeneous deformation patterns
in metals. A copper single crystal was oriented for singfeislithe (111)[101] slip system and tested to
~10% strain in roughly uniaxial compression. The macroscopia steddl was monitored during the test by
optical ‘image correlation’. The strain field was measunedrhogonal surfaces, one of which (the x-face)
was oriented perpendicular to PI1] and contained the 101] direction of the preferred slip system. The
macroscopic strain developed in an inhomogeneous pattern of broadd @lesaebands in the x-face. One,
the primary band, lay parallel to (111). The second, the ‘conjugatd, bas oriented perpendicular to (111)
with an overall (101) habit that contains no common slip plane of the fcc crystal. Tds®ostopic
deformation pattern was explored with selected area diffractiang ws focused synchrotron radiation
polychromatic beam with a resolution of 1-3 um. Areas withirptimary, conjugate and mixed (primary +
conjugate) strain regions of the x-face were identified and ndafgpeheir orientation, excess defect density
and shear stress. The mesoscopic defect structure was coedeirtratoad, somewhat irregular primary
bands that lay nominally parallel to (111) in an almost periodicildision with a period of about 30 pum.
These primary bands were dominant even in the region of conjuggte sThere were also broad conjugate
defect bands, almost precisely perpendicular to the primary béradsehded to bridge primary bands and
terminate at them. The residual shear stresses were (lamging to well above 500 MPa) and strongly
correlated with the primary shear bands; interband stressesmeatl. The maximum resolved shear stresses
within the primary bands were oriented out of the plane of timeldyaand, hence, could not recover the
dislocation structure in the bands. The maximum resolved shear stiesslee interband regions lay
predominantly in {111} planes. The results are compared to the mesosctgat peterns found in Cu in
etch pit studies done some decades ago, which also revealed aapesdstocation structure made up of
orthogonal bands.
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1 Introduction

Crystal plasticity is a heterogeneous process. The heterpgeneiltimately due to the fact that crystals
deform at the microscopic level through the motion of discrete distos on particular slip systems, and is
exaggerated by the fact that these interact to creatagéena@ents, deformation bands and cellular patterns.
But the heterogeneity extends to the intermediate (mesoscopie) atd even to the macroscopic level,
through the appearance of irregular deformation patterns.

While the basic features of microscopic plasticity are reddpnaell known, there are few (if any) well-
documented cases in which the deformation of a crystal has beewctehaed across the spectrum of length
scales with sufficient detail to show how the various levels corogether. One reason is that such a
characterization study is tedious and requires the sequentialadigpliof a number of different experimental
apparatuses and techniques. A second reason is that, until re¢entligtailed characterization of plastic
deformation at the mesoscale and macroscale was not entiaeljcal. However, with the advent of such
probative techniques as ‘image correlation’, synchrotron radiatiortyaiebackscatter diffraction (EBSD)
and focused ion beam (FIB) machining, it is rapidly becoming peddticmap the deformation pattern at
every length scale from individual dislocations to macroscopic strain.

There is an increasing need for this kind of “multiscale charaetion”. Recent developments in the
computational modeling of crystal plasticity promise significaiwaaces in the predictability of plastic
deformation [1, 2]. However, these models are inherently “mulé$cie approach is a sequential treatment
of dislocations and their interactions, groups of interacting distotss mesoscopic deformation patterns, and
macroscopic plasticity, with the analysis at each levelrming and constraining the treatment of the level
above and below. The experimental verification and refinement of sodelsnrequires that there be
comparably well-characterized experimental examples that careespondingly “multiscale” in their
coverage.

The research that is reported here is part of an effort to @tisbnthe multiscale characterization of a Cu
single crystal that was oriented to deform in single slippminally simple example of plastic deformation.
The crystal was deformed in nearly uniaxial compression. The ‘macrosetipaid that was developed during
the test, which is, for our purposes, the average superficiéh siver areas greater than about 500 pum in
linear dimension, was measured and mapped continuously by ‘imagetorrel After the sample had been
strained in compression to a bit over 10%, the ‘mesoscopic’ stn@mvierage strain over areas greater than
~1 um in linear dimension, was measured and mapped by selectetiffaaetion in the focused white beam
of a synchrotron light source. The residual stress and the defesity were measured simultaneously. The
mechanical test device and the compression tests have been desiseldtbre [3, 4]. The present paper is
mainly concerned with the results of selected area diftnactiComplementary EBSD and supplementary
transmission electron microscopic studies are underway to contipéeteultiscale characterization, and will
be reported elsewhere.

Single-crystal copper was chosen for this research as a protogfeeial whose deformation behavior has

been extensively studied at the microscopic level [5-16]. Whileethas been little recent work on
deformation patterns in the mesoscopic (>20 pum) and macroscopicesegihe mesoscopic dislocation
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patterns in Cu were characterized in some detail throughpétaiadies done by Livingston [17, 18] and
Basinski [19] some time ago. These provide useful background for etiegpithe results of the ‘image
correlation’ and synchrotron studies reported here.

2 Experimental procedure

The sample used for this work was a copper single crystal, 99.99%hptin@as grown via the Bridgman
technique by Accumet, Inc. The crystal was cut by wiretetal discharge machining (EDM) into a
rectangular parallelepiped like the one illustrated in Fig. i) wi5.5 mm square base, a 15 mm height and
rounded edges. The longitudinal faces of the sample were cenpesplar to the [2 9 20] direction so that
the sample would be oriented for single slip on the primary géies, (111)[101], when loaded in uniaxial
compression. The lateral faces were cut perpendicular BEiJ{the x-face) and [49 225] (the y-face), to
create the geometry shown in the figure. Fig. 2 includes eogiephic projection relative to the longitudinal
axis, and also contains a table of calculated Schmid factosgf@otmmon fcc slip systems when the sample
is compressed in this orientation.

2.1 Sample Preparation

The sample was deformed in nominally uniaxial compression in th®F6 apparatus at the Lawrence
Livermore National Laboratory (LLNL). This apparatus iastrated in Fig. 3 and is described in refs. [20, 4,
21]. It was designed to allow motion in six independent modes sautiatial compression would be
essentially unconstrained. In this device a nominal point loagpised to a half-sphere that serves as the
upper platen on the specimen. The lower platen rests on a set bé&aatigs on a plane base. The upper
half-sphere allows displacement along the vertical z-axis aatiamtabout the x- and y-axes (tilt in the zx-
and zy-planes), while the mobile base allows displacement in ¢heg xlirections and rotation about z (twist
in the xy basal plane). If the loading mechanism and bearings are frictiaghiesleformation path is uniaxial
compression. The extent to which that condition pertains in the aestsidescribed here is discussed in ref.
[4] and in the following.

The macroscopic strain was measured and mapped using a GOMs A@imaging system (acquired from

Trillion Quality Systems). This device measures the localrsby locating the positions of a distribution of

microdots placed on the surface of the specimen. The positionsee@mled in a CCD camera, and

successive images are compared to measure local displaceamehtsalculate displacement gradients
(‘differential image correlation’ [22]). In the present casegled pairs of cameras are focused on two
orthogonal surfaces of the specimen during the test [23]. Thedapgir provides a stereo view that is used
to measure microdot displacements both in and normal to the surfaee plde two camera sets provide

simultaneous strain measurements on orthogonal surfaces.

Image correlation (IC) was used to follow the strain in nead tduring the compression test. The strain was
calculated from the IC data as the symmetric part ofldcal displacement gradient. The data points
represent the average strain over a 640 pm square centered on the point position plettieda goints form

a grid with a 250 um interpoint spacing. Hence the computed and plivded @are “moving averages” of
the local strain. The overall strain of the sample was commgeah average of the local strains on the
sample surfaces. The data were recorded both as a datal set a movie. A succession of still images from
the movie is shown in Fig. 4, which includes color-coded maps of tleendgtion on the x- and y-faces as a
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function of strain at a strain rate of ¥6ec. The test was terminated when the axial engineeraiq st
reached 10.28%. There is, of course, some relaxation when the samplaaved from the apparatus
(~0.074%), which is negligible as a fraction of the macroscopimstrBirect comparison of strain maps
taken in the loaded and unloaded conditions show that they are virtually indistingelishabl

The samples that provided most of the data presented in the follovere prepared as follows. After
deformation, 1 mm thick sections were cut parallel to the x-\yansdrfaces of the specimen by electro-
discharge machining (EDM) (Fig. 5). The surfaces of the @eati samples (which match those left on the
original crystal) were prepared for x-ray analysis byighohg flat with 0.5um diamond. This sample
preparation procedure was chosen so that we could examine stin@icesre near enough to the external
surface that the macroscopic deformation maps could be assumed tondglelyoeing sufficiently below the
surface to avoid any surface effects on the mesoscopic deifomnpetiterns. (While it is possible for Cu
crystals with very low dislocation densities to have slip digaraf a millimetre or greater, this situation
pertains, if at all, only to the earliest stages of our test.)

The fact that the characterized samples were prepared by ma&chining raised the possibility that the
cutting operation had deformed the specimens and altered the regefisafeer the subsequent polishing.
There were a number of reasons to believe that this did not hapaey sgnificant degree. Most obviously,
as we shall show, the mesoscopic deformation patterns on the cuhep® correspond closely to the
macroscopic deformation patterns and show no apparent influencehieoouitting, and regions of the cut-
and-polished specimen that were essentially undeformed by thhesoagic deformation show no evidence
of deformation from the cutting. This result is not surprisi@yr crystal was relatively hard to begin with,
and was deformed to 10% strain prior to cutting, so we expectedatijalamage from the machining
operation would be confined to the immediate surface and polished alNapetheless it was important to
investigate the possibility that the results were compromised by the sarmapération technique.

To test the influence of the sample preparation two additional cfetsamples were prepared and
characterized. First, the opposite, uncut faces of the testednspe¢Fig. 5) were electropolished and
mapped in the synchrotron. As will be discussed further below (FigtHelyesults are essentially identical
to those obtained from the cut-and-polished surfaces. Second, a sewmbel Isad been deformed in the
same test device, but at an undesirably high strain rdte.sdrfaces of this sample were electropolished and
examined in the x-ray source. Their mesoscopic deformation patterns lseyresaentially the same [24].

Finally, the tested specimen had not been characterized baftestit Given its unusually high compressive
yield strength, there was some concern that it may have cahtaihegh and patterned dislocation density
that pre-existed the test. We, therefore, selected a secqgsidl ¢hat had been identically prepared, but not
tested. The specimen surfaces were electropolished flat apdewh in the synchrotron. No evidence of a
mesoscopic defect pattern appeared [24].

2.2 X-ray Diffraction

The x-ray diffraction analyses were done on the x-ray micregtifstn beamlines 7.3.3 and 12.3.2 of the
Advanced Light Source at the Lawrence Berkeley National LaryréALS/LBNL). Beamline 7.3.3 is well

suited for these studies because of the high brilliance of mshsytron source, the focusing optics that
produce an ultrafine beam size, its “white beam” capabilitiestlae positioning stages that allow the beam to
be swept with a micro-scale step size over a one square etttianea. The energy range is 5-14 keV and,
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since the beam comes from a bending magnet, the energy distriisutontinuous. In the tests described
here a polychromatic (white) x-ray beam from a bending magmetce was focused to a spot size of
approximately 0.8x1.2 micron full width at half-maximum (VxH) byair of elliptically bent Kirkpatrick-
Baez mirrors. The sample was set in a reflective georaetty degrees to the incident beam. The diffracted
x-rays were collected with a large area MAR x-ray C@&ector (MAR133, collection area 13.3 cm
diameter) that was positioned at an angle of 45 degrees apptelyi®am from the specimen. An exposure
time of 1 second was used for all experiments. Other beamlinegi@rs were set to obtain high intensity
reflections but avoiding peak saturation on the CCD. A Ge ORTEG@G-stalie detector coupled with a
multichannel analyzer also permits the collection of fluorescampaals for elemental mapping. Further
details of the beamline setup can be found elsewhere [25-27]. The micaodiffraction program on
beamline 7.3.3 has been recently moved onto the superconducting magneet Iseamline 12.3.2 where
additional measurements were performed. Apart from the sdiffeeence providing enhanced capabilities,
the instrumentation used on 12.3.2 is essentially the same as on 7.3.3.

The areas that were scanned were chosen to provide meaningfui tla¢ limited beam time available. As
can be seen in the strain maps in Figs. 4 and 5, and wilsbesdied further below, the (1] (x-face) of the
deformed crystal contained several distinguishable regionsgttinct deformation patterns. To locate these
regions three platinum markers were placed on the sampleesuiese are shown in Fig. 6. The markers
could be found by x-ray microfluorescence during x-ray analysisdendiiied by their distinct shapes. The
areas that were surveyed by the x-ray scans reporteavbezdocated by reference to the arrowhead on the
central platinum marker. The selected areas were scannedavgithp size of 1-3 microns. The initial
experiments used a step size of 3 microns to map three dedeetes on the surface of the21] face of the
crystal. A square with a 297 um edge was mapped in the ceagrah of the crystal while squares of 180
pKm size were scanned at selected sites in the upper and émis. In subsequent sessions, a 0.030x9.592
mn? area down the center of the crystal was mapped with a &matep size to clarify the differences
between the 3 initial scans and analyze the transitions betwegallyidifferent regions on the crystal
surface. In addition, two 50 pm x 50 pm regions were scanned with a one micromestepsovide the best
resolution in the top ‘dead-zone’ portion of the crystal and in theateegion of the crystal. The final set of
scans mapped additional areas in each of 3 distinct regions of the crystaPwith atep size.

The data taken in these diffraction experiments are Laue diffractiternmthat sample an area roughly equal
to the diameter of the focused beam (~ 1 um) to a depth thatxapptes the penetration depth of the beam
(~ 30 um). The diffraction patterns were analyzed with XMASd¥X Microdiffraction Analysis Software),
which was written in-house for the beamline at the ALS [28, 2%uelpatterns from unstrained silicon
reference samples were used as reference patterns tordlysis of the deformed sample. The patterns from
the unstrained reference samples are used in the XMAS softwaadibrate geometric parameters of the
beamline during each session.

The measured Laue diffraction patterns contain three typesaf ¢tst, the average overall orientation of
the sampled volume is measured from the orientation of the diffraction pattern. fBhisadaused to map the
total rotation from the original orientation of the specimen, andniBerientation of adjacent volumes within
the specimen. Second, the misorientation within the sampled volumeasured by the half-width of the
diffraction peaks. The peak streaking is anisotropic. The longXis)of the streaked peak is a consequence
of the local curvature of the lattice. The curvature is ordindue a local excess density of the dislocations
whose Burgers vectors accomplish the deformation and, hence, provideswengathe ‘geometrically
necessary’ dislocation density [30]. Third, the average deviastr&n within the sampled volume is
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measured by the distortion of the diffraction pattern. The deviatrgss tensor is computed from the strains
using the anisotropic elastic constants of the material and wdsta€alculate the Von Mises (shear) stress,
the maximum shear stress, and the resolved shear stresses peféned slip systems. Examples are
presented in the following. Given the beamline geometric paessnand detector performances, the expected
accuracy for copper samples in the orientation matrix is + 0.018ctheacy in the strain tensors is + 2810
and the stresses should be accurate to within £ 20-40 MPa [25, 29].

2.3 X-ray data analysis

The analysis software of the microdiffraction beamline, theay-Microdiffraction Analysis Software
(XMAS), processes the raw diffraction data. This software packexs developed for use at the Advanced
Light Source at LBNL, and is similar (or identical) to thaedian other advanced x-ray facilities. It is
described in detail in refs. [31, 32, 28, 33]. The software autonigtieddes each pattern through image
processing, peak indexing, strain refinement and stress deteomistgps using inputted crystal parameters
and calibration to define the experimental geometry. The softweoeporates display and analysis tools to
manipulate the data and relate the individual patterns to one other.

2.3.1 Image processing. The image processing includes background removal and peak i@deiatific The
background intensity is removed via an algorithm that fits i @wismoothly varying function and subtracts it.
Peak identification utilizes several parameters such ag, gegtaction threshold, peak fit type (peak fitting
allows for subpixel resolution over the peak position), search box szemaximum allowed deviation
between peak fit position and intensity-weighted centroid positionsel barameters are optimized before
automated indexing begins to find the largest number of peaks wimimizing errant points. In this work
we typically used a 2-dimensional Lorenzian peak fit, a sdawghsize of 11 pixels, a minimum peak width
of 0.1 pixels, a maximum peak width of 20 pixels, and a maximum peak-to-centroid devidipixels. The
peak detection threshold varied depending on the overall intensity ch¢kgrbund in the Laue patterns and
scales roughly with the intensity of the incoming x-ray beam. géek intensities varied with the sample,
beam intensity and the beamline characteristics. As expeletediftraction peaks become more diffuse and
less intense as the degree of deformation increases. Befugeng the automatic analysis, the threshold
value was optimized by hand for a few Laue patterns so that tHe igeatification process would
consistently find the majority of peaks in the Laue pattern.

2.3.2 Indexing. The diffraction patterns are indexed using the geometry of thelineaand the nature of the
diffracting crystal. The diffracting crystal is specifiddy its parameters, its Wyckoff positions and
occupancies, and its elastic moduli. The geometry of the beawdisealibrated with Laue patterns from a
reference sample, a (100) silicon wafer in this case. Thwa#bn is done by indexing the reference pattern
and performing a non-linear least squares refinement by mingnithe differences between the
experimentally determined peak positions and the calculated onestetmide the geometrical beamline
parameters, including the sample-detector distance, the xy-aadter CCD center positions, and the tilt
angles of the detector with respect to the beam. A cabbr&tom a silicon reference sample was determined
good when the average differences between the measured and calculajsukjigas are less than 0.01°.

The software calculates the scattering vectors assoocmthdeach peak found during peak fitting. The

brightest reflections and their associated scattering veatersompared against a reference list of scattering
vectors calculated for the particular crystal structure. imbdexing is completed by comparing triplets of
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angular matches between the experimental and theoretisabiscattering vectors. The triplet that matches
the largest number of reflections present in a frame is used for the indexation.

2.3.3 Computing the deviatoric strain and stress. The local value of the deviatoric strain is measured from
the indexed white-beam diffraction pattern by calculating tRerdntial angular displacements of the Laue
spots. These correspond to changes in lattice angles and, therefaseirenthe deviatoric strain. The
dilatational component of the strain was not measured in this workydoreasons. First, the measurement
requires the exact wavelength of at least one of the Lawtiefi, which, in turn, requires taking an energy
scan at every single point of the large microdiffraction m&ps is a time consuming effort, which was not
practical given the limited beam time available to us. Secbedjitatational component was not needed for
the calculations we wished to make, the resolved shear stressggead/on Mises shears that are reported in
the results section.

An accurate calculation of the centroid positions of the Laue spgisreés, of course, that the diffraction
peaks not be truncated by limited band width in the incident white .béaitme present case there should be
no appreciable truncation since the extent of the peaks is mudbraiman the bandwidth of the white beam.
A simple approximation for the energy extent of the strealstaske the derivate of the Bragg equation. This
equation expresses the energy extent of the streak in terms of the (measguéal extent.

cot(@)AO= % (1)

Where/E is the energy broadening of the diffracted pealsed by the divergenc#d. Choosing a few of the
most severely streaked peaks from the Laue pattdgr@®xtent of the streaks are on the order of200RV
whereas the continuous energy range from the bgmdagnet is approximately 9keV. Therefore, theakise
are not significantly truncated.

The diffraction pattern measurements return theckaparameter ratios (b/a, c/a, b/c) and the anigétween
the lattice parameters. The deviatoric strain dens computed from this data following the procedu
outlined in [28]. The accuracy of the strain meament is, of course, dependent on the number atpe
used in the calculations. Based on analysis il [8& error in the strain measurement is less #2x10*for
most sets of reflections analyzed in this work.

The deviatoric stress tensor is calculated fromdée@atoric strain tensor using the reference \salhfethe
anisotropic elastic moduli. The resolved sheagsstr((RSS) can then be found for a given slip plane
calculating the tractions on that plane. The maxmmesolved shear stress (MRSS) is the maximum RSS
value calculated for all possible glide systemsicihivere taken to be the {111}<110> systems for@ec

2.4 Measuring the dislocation density

The geometrically necessary, or excess, dislocatorent (GND) can be calculated from the Cahn-[3¢¢
relationship for relating lattice curvature to ess@lislocation content:

Peno =YRE, (2)
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where R is the local radius of lattice curvature &nis the Burgers vector (the [110] spacing in¢hse of
Cu). The radius, R, is computed on the assumptiainthe local lattice curvature contained withacle Laue
spot is reflected in the asymmetric peak broadeniAS returns the average value of the asymmetric
broadening of all indexed peaks in a Laue imaggegrees\}), which is the angular turn over a chord equal
to the beam sized). This value is calculated after taking out tketiopic and “instrumental” broadening
(which are negligible compared to the streakinthanseverely deformed regions). It follows that

R=5/[2sin(/2)], 3)

which is substituted into (1) to obtapnp. Given the subpixel peak fitting resolution of X8, the angle
(v) is determined to an accuracy of about + 0.01 the calculation opcnp, this accuracy is reduced by the
contribution of isotropic broadening to the peakithj a factor we have not been able to quantifgipety,

but believe to be small, particularly for the regioof high dislocation density where the asymmetric
broadening is pronounced.

3 Resultsand Discussion
3.1 Macroscopic strain patterns

The sample studied here was oriented for easy giid¢he (111)[101] system when loaded in uniaxial
compression and was tested in the 6DOF fixtureL&tll. The engineering stress-strain curve fromttst is

in Fig. 4. The crystal yielded at about 16 MPae Thystal deformed in ‘easy glide’ to a strain bbat 0.025
and afterwards hardened almost linearly to thel ftrain, ~ 10.28%, where the test was terminat@étie
stress-strain data from this and other tests isudsed in more detail in ref. [36]. The yield sg#nof this
sample was high compared to that measured in o#s¢s and reported by other investigators [36].e Th
reason appears to be that this crystal was testdokias-cut condition, and residual defects froendriginal
crystal growth and machining strengthened the atysHowever, the hardening behavior and deformatio
patterns in this crystal were qualitatively the saas those observed in annealed crystals with Istength.

The pattern of deformation during the compressest ts shown as a function of strain in the seqeeaic
image correlation maps of the axial stragp)(in Fig. 4. These were taken from films made niyithe test.
The interesting behavior occurs in the x-face (pedicular to [121]). During the ‘easy glide’ stage of
deformation the strain develops in a band on tif@cg-at 45° to the compression axis (z-axis), aaduglly
intensifies. This deformation band parallels tteee of the (111) glide plane and will be refertedas the
‘primary’ band.

A well-defined ‘conjugate’ deformation band alsorfs, with an orientation 90° from the primary. dithe
primary band, the conjugate band is present frarbtginning of the test [36], and is visually olmgan the
strain map when the compressive strain reachest &%u(Fig. 4). The crystallographic habit of this
conjugate band also lies on a plane of maximumrsite#b® from the compression axis; its habit seasally
parallel to (101), which, significantly, is not a preferred slifape for fcc copper. Both the primary and
conjugate bands intensify as the strain increagitls,the axial strain concentrated particularlytie central
region of mixed deformation where the two bandssro
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Fig. 4 also traces the development of deformatiothe y-face as a function of strain. On this fdmestrain
is concentrated in essentially parallel bands, gragdtrular to the compressive axis. At low strdiase are
most pronounced in the lower area of the face, svllee primary slip bands intersect this face. yhar
strains horizontal deformation bands also decdreteupper area of the y-face. These bands comdsjmo
intersections of the conjugate slip bands on tfece-

Fig. 7 presents maps of all the strains on thend wfaces. On the x-face, the straims andey, are
pronounced. They have the same geometric patietrmpposite signs (plastic deformation consenadsme
and, therefore, tends to conserve area). The muagnof the strain is slightly greater in the yediion €,y).
There is, in addition, a local shear straip, in the secondary deformation band on the x-fabehvhas a
maximum value of less than 0.01, with a slightlyadier local shear in the primary band (the shegp ma
bit deceptive because of the colors used to coelestiiain). Local shears also appear at the ugberand
lower right-hand corners of the x-face, which siggdbat there was some slight frictional deformatimm
the platens of the test fixture at these two pms#ti These local shears appear in the last staiges
deformation.

The stain field on the y-face is comparatively denp The axial compression,, is the only significant
strain. Its pattern and magnitude appear to beistamt with the constraints that the total comgicesshould
be nearly the same on the x- and y-faces, andvtilate should be conserved, witly slightly greater in
magnitude tham,, on the x-face. There is a slight enhancement. adt the upper and lower edges of the y-
face, and a slight indication of shea) on these edges.

3.2 Mesoscopic defect patterns

To characterize the mesoscopic defect patternsse@ x-ray microdiffraction to map selected areathefx-
and y-surfaces. The scanned areas were selectexplore interesting features in the macroscopiairst
maps.

3.2.1 Defect patterns on the y-face. We begin with a description of the defect pattesnghe y-face, since
these are much simpler than those on the x-facete hhat the traces of the preferred (111) slimglare
horizontal lines on the y-face, perpendicular t® thaxis of compression (Fig. 7), and that thegretl slip
direction, [ 101], has no x-component in the y-face. It follawat slip in the preferred system causes an out-
of-plane deformation on the y-face in bands orig¢rerpendicular to the z-axis (the axis of compoeds
The slip system with the second largest Schmidbfastthe (111)[101]. There is some evidence in Fig. 7
for the activation of this slip system in the ydacThe trace of this slip plane makes an angkbofit 30° to
the horizontal in the y-face, and would causeislifhe x-direction, transverse to the plane.

The residual defect patterns that are revealedibrodiffraction on the y-face are shown in Fig. Bae insert
figure on the left hand side of Fig. 8 shows thdasmie of the specimen. The macroscopic strain oidpined
from image correlation is superimposed. Note thstillustrated in the upper figure, the surfacensed was
the inner surface of the cut layer, so the straap rthat appears is the mirror image of that shawhig. 4.
The microdiffraction data is taken near the squadecated in the right center of the face, in thgion where
the strain is most severe. Five data sets aresdlott the right-hand side of the figure.
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The top figure (Fig. 8a) is the ‘out-of-plane’ artation map that shows the tilt of the y-face. Tiheappears

in broad, irregular bands with well-defined edge¥he bands are roughly perpendicular to the axis of
compression and are 10-40 pum in width. They ase abughly periodic with a spacing of 30-40 pum.
Morphologically, they resemble the heterogeneousdbaof macroscopic strain on the surface of the
specimen, and show that the heterogeneous patezsists to much higher magnification. The roughly
constant angle within the bands shows that thenggocally necessary’ defects that cause the tdt a
concentrated along the edges of the bands. Natehthailt angle is small; it changes by only abtbig° over

the whole area mapped. The fact that the bandsragilar, despite their clear edge definition meffect
participation by the secondary slip systen{,1(1)[101]. The (111) plane makes an angle of about 30° to the
horizontal in the figure and is, hence, roughlyatiat to the sloped edges of some of the orientabands.

The second figure (Fig. 8b) is a map of the in-planientation over the same area. The orientasioagain,
heterogeneous and banded in the direction perpgadito the compression axis. Compared to theobut-
plane orientation pattern, the in-plane orientatiamds are less well defined, their boundariesnaoee
diffuse and the total misorientation is smallerdyabut 0.5°. Since the primary slip system daaspnoduce
displacement in the x-direction on this face, thlane misorientation bands must reflect the pigdtion of
secondary slip systems. This may explain theiveldack of definition of the bands.

Figs. 8c and 8d are local measures of misoriemtatibig. 8c maps the “intercell” misorientation Wween
adjacent diffracted areas (‘pixels’ that are apprate squares 2 um on a side). Fig. 8d maps theatell”
misorientation within the pixels, as reflected imetangular range of the long axes of the asymmetric
diffraction spots. Since the lattice misorientaties accomplished by crystal defects, particularly
‘geometrically necessary’ dislocations, both areasuees of the dislocation density. The intracell
misorientation is the more direct measure sinds iore local, and we have used it to define theesx
dislocation density. A comparison of Figs. 8c @&udshows that the two measures of misorientatiore ha
almost identical patterns, which indicates thathbate measuring the same mesoscale average abdale |
excess dislocation density. Moreover, as expetiedpands of high dislocation density are locatledg the
well-defined boundaries of the out-of-plane defaiora bands (Fig. 8a). The excess dislocation dgnsi
within the high-density bands is in the range 62208x13° m?, and is roughly an order of magnitude above
the background value, ~ 1xf0nside the orientation bands.

The distribution of shear stresses was also egtldcom the microdiffraction data. Fig. 8e is aghiky-pixel

map of the maximum resolved shear stress overdhengd region. Note that the maximum shear stress
exceeds 500 MPa, and is far above the criticallvedcshear stress for easy glide in this crystal@<MPa).
Comparison with Fig. 8d shows that the bands df Bigear stress coincide with the bands of higlocigion
density. The high shear stress is likely assogiatgh dislocation pile-ups and entanglements oa th
boundaries of the misorientation bands. Therenigact, much more stress information containedhia
microdiffraction data; the full deviatoric streensor can be calculated for each cell. Some oaddgional
data are presented below.

3.2.2 Defect patterns on the x-face. The slip vector of the primary slip system liesthe x-face of the
crystal with the consequence that the heterogendefect patterns are most apparent in this facEhe
pattern is shown in the maps contained in Figsl.9-th each of these figures the insert figure o right-
hand side locates three areas that were scannkd.thfee areas are 180-300 um on a side and atg sit
respectively, within the broad band of primary isiranear the center of the region of mixed primand
conjugate strain, and within the band of predontigagzonjugate strain. Three data sets are mappedach
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area: the in-plane orientation, the intercell memation and the intracell misorientation (whishused to
calculate the excess dislocation density).

The three figures differ in the following ways. gbi 9 and 10 are maps of the x-face cut and palifioen

the primary sample. In Fig. 9 the maps in the primand conjugate bands are taken from areas @y to
the mixed (primary + conjugate) band, so Fig. 1& weepared to show data from positions that areemor
clearly within the primary and conjugate bands.eréhare, however, discontinuities in the maps m ED
that are experimental artifacts caused by discoatis steps in the sample stage. While these do not
compromise the data, they make the maps more uliffic read. The maps shown in Fig. 11 were tdkam

the opposite x-face of the tested specimen. Th&aoeeopic strain on this face was mapped beforeatted
the test, but not during loading. The three dibeshe mesoscopic maps were selected from by exagithe
strain map after deformation (this is the map shawthe figure). This figure was prepared andudeld to
show that the data are not obviously affected leyrttethod of sample preparation. Aside from anaiver
curvature in the deformation pattern in the mixaddy the patterns are visually the same. As nalede,
with the exception of this figure, all of the d#état is shown is taken from the cut-and-polishetbse.

While the macroscopic strain patterns differ dracadlyy from the primary to the overlap to the caygte
regions, the mesoscopic patterns are surprisinglijas. In all three regions the in-plane oriergatmap is
cross-hatched by broad bands with defined bourglafiéne bands lie at roughly + 45° to the z-adie @xis
of compression). The most pronounced bands lighiguparallel to the (111) primary slip plane. Tdress-
hatched bands are on the conjugate shear planehwlbies not parallel any close-packed plane offidbe
crystal, and appears to represent the ‘polygomgal thlat was observed in the etch-pit studies ofingston
[17, 18] and Basinski [19]. The maximum in-plansonientation in the regions mapped varied from te1°
~2.5°.

The intercell misorientation and the excess diglonadensity (intracell misorientation) maps areganted in
Figs. 9-11. If the cell size is sufficiently smtiht the excess dislocation density is unifornossra cell, and

if different measures of misorientation are comsistthen the two measures of the misorientati@ulshbe
nearly the same. Fig. 12 presents an addition@ssef mesoscopic maps in which the two misorigoa
maps have been superimposed to show their virmiatidence. Fig. 12 also includes superimposedsmap
over three long strips, one taken in the primarpheation band, two in the mixed region of primanyd
conjugate shear.

As expected, the excess dislocation density is exdnated in narrow bands that outline the in-plane
misorientation bands. The mesoscopic defect digtabs in the three regions have a surprisinglyilaim
appearance given the very different macroscopairsjpatterns. In all three regions the most proced
defect bands are roughly parallel to the primarddjlslip plane and extend across the field of vighe
primary bands are quasi-periodic with a separatibmbout 30 um (the separation is a bit largerhia t
conjugate band). They are somewhat irregular apsha feature that suggests the participatioeadrglary
slip planes, particularly the 111), whose trace is approximately 67° from the&ig;and the (111), at about
22° from the z-axis. The perpendicular (conjugalis)ocation bands are more diffuse and less ertknd
They are present in all three regions, but are momremon and pronounced in the mixed and the cotguga
bands. They often connect primary bands and text@ion them. Fig. 13 includes Fourier transforms of
number of dislocation density distributions frontleaf the three regions, and shows that the priraad/
conjugate bands are almost precisely perpenditmlane another. The measured excess dislocaticsitidsn
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in these high-density bands range up to about BB, against a background density that is a bit 0@t 1
m.

Finally, Fig. 14 shows out-of-plane orientation mapken over a number of areas, and along a $taip t
extends from the ‘dead’ region at the top of thgstal down to the bottom of the region of mixed
deformation. Since the primary slip is in the =, the out-of-plane misorientation must refléigt en
secondary systems. As the figure shows, the optasfe orientation maps are subdivided into bahds t
roughly parallel the primary deformation bands. isTbbservation remains true even for scans takdh we
within the region of conjugate slip. The bands, @gain, quasi-periodic with a period of aboupu®d. The
misorientation across their boundaries is no mbes tabout 0.5°. The long scan down the centehef t
sample face shows that the crystal is very slighttywed, possibly due to a small reaction at théepka
during the later stages of the test.

3.3 Mesoscopic stress patterns

One of the attractive capabilities of microdiffiact as a characterization tool is its ability toasere the

local value of the internal stress. In fact, therodiffraction data reveals the full deviatoricests tensor. In
the following we discuss three measures of thesstrine in-plane shear stress,, in the x-surface of the
sample, the overall shear stress, as measurecbyotih Mises stress, and the maximum resolved Stesss

available to drive dislocation glide.

Fig. 15 includes a plot of the in-plane shear sireg, in the x-face of the crystal. The shear stress i
measured at intervals of 20 pum along the line eteid in the figure, which is plotted on the backa map

of the compressive strain. The mean value of tress is very close to zero, as expected. Notéhitjte
values of the residual shear stresses. These seaehal hundred MPa, which is far above the maome
shear stress applied during the compression fesshown in Fig. 15(b) the values of the residb&las stress
have a roughly Gaussian distribution with a staid@viation of about 100 MPa. The distributionedidual
shear stresses is roughly the same over the weotgh of the crystal, despite significant differesén the
magnitude and direction of the macroscopic straomfone region of the crystal to another. There is
however, a tendency for the highest residual steeds be found in the transition regions where the
macroscopic strain gradients have their largestesl

Fig. 16 shows the distribution of the Von Misesss over the x-face. The left-hand side of tharég
exhibits maps of the local distribution of streserosmall, selected areas, 50-180 pum on the edge.right-
hand side shows the distribution of stress over880xuni strips taken in the three distinct regions of
macroscopic strain.

The distribution of the Von Mises stress has tlsteiking features. First, the Von Mises stressuiprisingly
large. It exceeds 1 GPa in many locations withi& ¢rystal, far above the maximum value of the ishea
applied during the test.

Second, the local areas of very high stress, waielnumerous, are organized into well-defined baridse
most pronounced of these bands parallel the prilbangls of high dislocation density that were idesdiin
the previous section. To emphasize this we haydotéed data from Fig. 16 in Fig. 17, where theg a
placed alongside the corresponding plots of thesxdislocation density. As this figure makesrcldee
high shear stress is within or in the immediateniig of the regions of high dislocation densitjethigh
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shear stress appears to be caused by dislocativityaand entanglements in the primary shear bartdigh
shear stresses are also found in bands along thjagede shear directions, perpendicular to the gmym
bands. The stresses in these conjugate bands @eneral, less intense and more diffusely digtat than
those in the primary bands. The association betvilee conjugate stress bands and the conjugates ladnd
high dislocation density is also a bit less clear.

Third, the bands of high residual stress tend taljeh the bands of primary slip, even in areas ne@he
conjugate slip dominates the macroscopic straiand8 of stress do appear on conjugate planes wiitle s
frequency in the central (primary plus conjugatais) and lower right (conjugate strain) regionsd are
particularly common in the conjugate strain regidfowever, these are less intense and more dithasethe
bands in the primary direction. Moreover, partaly as shown by the maps in Fig. 16, they tencbtmect
primary bands and terminate on them, as if theywecondary features.

Finally, Figs. 18-20 illustrate the pattern of tmaximum resolved shear stress (MRSS). The MRSBeis t
highest value of stress resolved on the 12 pos§llé}/<110> dislocation glide systems in the faystal.
Fig. 18 presents maps of the MRSS over selectedsaire the three distinct regions of macroscopic
deformation. The MRSS patterns are very muchthikse of the Von Mises stress. The MRSS reacluys hi
values (~ 600 MPa) and the high stresses are bgaezElominantly in bands along the directions ahpry
shear. The MRSS is also high in conjugate bandsted perpendicular to the primary bands. Thesel®
tend to be weaker and more diffuse. They tendotmect the primary bands and terminate on theme Th
MRSS in the broad regions between defect bandmal,sof the order of 60 MPa, which is close to the
intracell stress that was recently measured byriegvet al [37] in more severely deformed Cu that ha
developed a well-defined cell structure.

Fig. 18 includes maps that show the direction @& mhaximum resolved shear stress. Again the pattern
follows the pattern of primary and conjugate bandsterestingly, the highest stresses, which lighe
primary slip bands parallel to (111), are focusedirections, predominately [101], that do notitiehe (111)
plane and would be difficult to relax by slip in1). The maximum shear stress between bands terms
focused in directions like [@1] (orange) and [110] (red) that do lie in the (111) plane. Thesesses
apparently could be relaxed by slip in (111), e tesidual stress is very small; the stress hhaadl been
relaxed.

The pattern of stress concentration and relaxaisomxplored further in Fig. 20, on which we have
superimposed plots of the MRSS and the excesscdistm density. The primary bands of high dislmat
density superimpose almost precisely on the baht#RSS. Interestingly, however, the conjugate lsaofl
high excess dislocation density are not bandsgif MRSS, even in the region where the macrosca@mms
is dominated by conjugate slip. It appears thatghmary dislocation bands tend to accumulateodatlons

of the same sign, creating high residual stredsat dannot be relieved by glide in the slip plangne
conjugate dislocation bands predominate in regafrisw stress, suggesting that these bands weneefiin
the process of relaxing shear stresses that ceutdlieved by primary slip.

4 Discussion

As discussed in the introduction, the work repottede had three purposes: to demonstrate a te@foqu
multiscale characterization, to provide a charamer example of bulk deformation for comparisonhwit
simulation results and to clarify the mechanism®lasticity in single crystal copper. The charaetdion
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studies done here stopped at the mesoscopic sc@bhe. microscopic characterization of the dislogatio
processes that underlie these deformation pattisrna progress. We also note that the mesoscopic
characterization was done on a single sample iagéesnacroscopic strain, about 10% axial compogssi

Even in this simple case, nominally uniaxial consgien of an fcc Cu crystal oriented for single ,slip
deformation at all spatial scales involves hetemegees that need to be taken into account if therall
deformation is to be understood. Moreover, thewheétion patterns include features that are notonisly
contained in the most widely accepted models dbdaion plasticity. Unanticipated patterns wesarfd at
both the macroscopic and mesoscopic levels.

4.1 Macroscopic deformation patterns

The macroscopic strain field (the strain over aagimension greater than about 100 um for ouppses)

is heterogeneous, particularly over the x-face, ainddes this face into several distinct areas with
characteristic features. As expected, the straid fncludes a broad, well-defined band of sheaalfe to the
(111) slip plane that contains the most highlyssteel slip system (the highest Schmid factor). él@w this
shear is accompanied by a well-defined band ofugaig shear with a nearlyl(01) habit that is almost
exactly perpendicular to the (111) primary bandy sgmmetry, this conjugate plane experiences arshea
stress equal to that on (111) (at least initialb)t contains none of the preferred slip system&a@fand,
hence, shear on this habit plane does not confotimet Schmid model.

But at the same time that the deformation is moragiex than anticipated, it remains relatively denpThe
macroscopic strain field is not, at least supaafigj a mixture of the many possible elementargias. To a
good first approximation, it is a simple superpositof two broad shear bands, one parallel to lipeptane
that is expected from the Schmid model, and a skoonthe conjugate plane of maximum shear strass, a
might be predicted on the basis of a macroscofi:lime’ model that ignored the crystallographietdlil.

4.2 Mesoscopic defect patterns

Because the macroscopic strain had been mappedast possible to select areas for mesoscopic
characterization that sampled regions with diffemeacroscopic behavior. We particularly exploredaa
within the primary, conjugate and overlapped sedinegions on the x-face of the crystal. The setkarea
diffraction studies reveal stresses, rotations exwess dislocation densities at a resolution dawabbut 1
pm.

The heterogeneity and complexity of the deformapattern increases at the mesoscale, but, integhsti
they do not provide an obvious explanation fordbejugate shear bands that appear on the macrostiaée
most striking feature in all three regions is a @imperiodic pattern of thick, wavy bands that galhe
parallel the primary (111) slip plane and are rége@bout every 30 um. Since these are the baatiste
expected to carry the primary shear deformatioay tthould be present and dominant in the primagdy an
mixed deformation regions. The (111) orientatidntleese bands is consistent with primary slip ie th
(111)[ 101] slip system that has the maximum Schmid fa@tm. 2). The waviness in the boundaries of the
bands suggests some participation by secondaryirsiipe (111) and (111) planes, as described in the
previous section.
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The primary deformation bands are connected orsetb$®y conjugate bands of defects that are relative
diffuse in appearance, but have an almost perpeladiorientation. These conjugate bands sometoress
the primary bands to form a true cross-hatchecepatbut more commonly connect the extended, pgimar
bands with short ‘bridges’ that terminate at batislse This pattern suggests that the conjugatesbfmch
after the primary bands and accommodate to thehe cbnjugate bands are present in all three regmris
are particularly common in the region of conjuggttain.

A mesoscopic defect structure composed of primarydb connected by secondary bands on perpendicular
planes is a known pattern in deformed Cu that wast detected in the etch pit studies done by Igston

[17, 18] and Basinski [19] some fifty years agohey studied single crystal Cu deformed in tensiod a
bending at room temperature and at 4.2K, and obdeavmesoscopic structure described as ‘polygonized
glide’ in which primary bands of tangled dislocatsoroughly parallel to the preferred slip plane eveined

by perpendicular, relatively diffuse secondary sandhsofar as could be inferred from the charactahe

etch pits, both bands contained a strong preponderaf dislocations of the same sign, which woektl to
rotations across the defect bands that are consistdh the observations made here.

While the defect patterns in the ‘primary’ and ‘mak regions are plausible and consistent with Lggton’s

‘polygonized glide’, it is difficult to explain theetention of this structure in the region of cajgte shear.
Shear by the conjugate bands is certainly plausiBlen if these are made up of the same dislatags the
primary bands, as Livingston proposed, a perpefati@rray of them would create a tilt boundary tisain

effect, a plane of conjugate shear. But this olzdeEm does not explain why a macroscopic bandojugate
strain should have a structure that is dominateebdgnded bands of, apparently, primary shear.

Given that the understanding of the conjugate sivdbhhave to wait more detailed studies, suchhesTEM
studies that are now underway, three possibilgigggest themselves. First, the dislocation denbdy is
revealed by the selected area diffraction done Fe@n excess dislocation density that producescal |
rotation. It remains possible that much of the mscopic strain is due to a balanced dislocatistridution
that cannot be inferred from the microrotation @aitt We doubt this explanation for two reasongstFthe
Livingston-Basinski results suggest that it is tote. They found perpendicular, conjugate defolonat
bands that are, essentially, low-angle tilt bouiredamade up of dislocations of like character. o&dg¢ the
residual stress pattern almost precisely duplicdtesmeasured pattern of the excess dislocatiositgen
suggesting that this is the dominant residual dation density.

Second, the dislocations responsible for the catgugtrain may be so diffuse in their distributtbat they
contribute primarily to the diffuse background distion density rather than to the apparent déf@atls.

Third, and, in our opinion, most likely, the de¢gilevolution of the defect distribution in the agggte region
may be such that it produces a rather differewmirston the way to a superficially similar patterwe note
that the mesoscopic defect pattern shows wheretdedee, while the strain is a consequence of wiherg
have been. If this is the case the polygonal dalon structure (the diffuse conjugate bands)laeeesidue
left from the formation and subsequent relaxatibtihe conjugate strain rather than its mechanism.
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4.3 Mesoscopic stress patterns

While there is prior work on the mesoscopic defeatterns in deformed Cu, the present work is, to ou
knowledge, the first to map the mesoscopic distiglouof stress. The results have several intergsti
features.

First, the magnitudes of the residual shear stsease surprisingly large (Figs. 15-18). Whethear shear
stress is measured by the in-plane sheg), (the maximum resolved shear stress or the Voredssress, the
shear stress reaches values of 500-1000 MPa, wdictuch higher than the nominal shear strengthhef t
crystal. These high stresses are concentratdeeiprimary shear bands and, to a lesser extentotijegate
shear bands (Figs. 17, 18, 20). The fact thatthgimum stresses appear to be in the defect baaither
than adjacent to them, suggests that these highsss are due to defect orientations and interectioat
prevent their relaxation.

Second, and consistent with this, the maximum ssieasses in the highly stressed, primary defeatibare

in crystallographic directions that do not lie het(111) plane of primary slip (Fig. 19). It foNe that these
stresses cannot be relaxed by primary slip, a tfeadtt may play a strong role in their preservatiorthe

relaxed crystal. On the other hand, the stresséBe regions between the primary shear bandsnatteei

(111) glide plane (though not in thelp1] direction). Stresses in this plane shouldnmte relaxations that
contribute to the polygonization of the dislocatinrthe spaces between the primary shear bands.

Third, and also consistently, a superposition efrtteximum resolved shear stress and the dislocdénsity
(Fig. 20) shows both the strong correlation betweigih shear stress and the primary defect bandisthen
much weaker correspondence between high sheas stnesthe conjugate bands. The relatively frequent
observation of conjugate defect bands in regiontowf residual stress suggests that the conjugdtctde
bands tend to form, or deform so as to relax tlallstresses. The residual stresses in the relasterial
between bands is near 60 MPa, close to the valasumned by Levine, et al. [37] within a well-devetdp
dislocation cell in severely deformed Cu.

5 Summary and Conclusions

We draw the following conclusions from this work.

1. Itis practical and useful to employ ‘multisea@haracterization’ with modern tools to clarifg thature and
interaction of the heterogeneous deformation patand mechanisms that operate at different lescales.
In particular, the combination of image correlattenhniques to map the macroscopic strain and sgtron

(or, perhaps alternatively, EBSD) techniques presidetailed information on mesoscopic defect pagter

2. In the particular case studied here, a copipetescrystal oriented for single slip in the (1L1)01] slip
system and tested to ~10% strain in nominally ualagzompression, the macroscopic strain produced an
inhomogeneous pattern of broad, crossed shear hbantee x-face of the crystal, which was oriented
perpendicular to [121] and contained the 101] direction of the preferred slip system. Ot primary
band, lay parallel to (111). The second, the ‘sgaje’ band, had a nearly perpendiculdrOfl) habit, even
though the (101) plane contains no common slip plane of theGaccrystal. The two bands divided the
crystal into distinct primary, conjugate and miXetbssed primary and conjugate) regions.
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3. Despite their macroscopic differences, the m@&saic substructure within the three regions ipgsingly
similar. As determined by selected area synchmotliffraction with a resolution of 1-3 um, the doant
feature in all three regions is a quasi-periodittgga of broad, somewhat irregular primary bands tre
nominally parallel to (111) with a period of ab@@ pum. There are also broad conjugate defect bahdsst
precisely perpendicular to the primary bands teattto bridge primary bands and terminate at th&hese
are more common and pronounced in the region gtigate strain.

4. The measured residual shear stresses are(targgng to well above 500 MPa) and strongly caitesd
with the primary shear bands. The direction of imaxn stress in the primary bands was oriented btheo
(111) glide plane, and, hence, is not able to aptismrelaxation by shear in this plane. The maxmshear
stresses between the primary defect bands aretedtien the (111) planes, which is consistent wiib t
apparent relaxation and low residual stress ininterband material. While some of the conjugatiede
bands have moderate to high shear stresses, meostlraost devoid of shear stress, suggesting tleat th
conjugate bands acted to relax the internal stress.

5. The results are generally consistent with tlesaacopic defect patterns found in Cu in etch tpidies
done some decades ago [17-19]. In this case theapyr bands were identified as narrow bands thataio
predominantly dislocations of the same sign, coteteby perpendicular “polygonization” bands that also
made up of like dislocations.

The results are being extended by high resolutieBM &nalyses, with particular emphasis on such pugzI
guestions as the nature of the conjugate bandshendnechanism that makes the macroscopic conjugate
strain consistent with a mesoscopic pattern thatomminated by defect bands parallel to the planéhef
primary macroscopic shear.
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Figures
(2920

[2920]

(49 22 5]
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xr’y
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Fig. 1: The shape and orientation of the Cu testispen.
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[a9 22 :1

Slip System  Schmid Factor

(111),[-101] 0.50
(-111),[101] 0.47
(1-11),[011] 0.32
-111),[0-11] 0.29
(111),[1-10] 0.25
(111),0-11] 0.25
{1-11),[-101] 0.24
(-1113,[110] 0.18
-1-11),[0171] 013
{-1-11,[101] 0.079
(1-11),[110] 0.077
{-1-11),[-110) 0.048

Fig. 2: Stereographic projection and tabulated SdHattors for the crystal orientation shown in.Fig
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Z compression l

Rotation about Y axis (( \ Rotation about X axis

¥ translation \Qt:nslatinn

Rotation ahout 7 axis

Fig. 3: Schematic of a compression test in the “6D@&pparatus [1,2]. The objective is to allow unswained shape change. The
six allowed deformation modes are translation ift@mpression), translation in x or y (translatidnttee basal platen), rotation
about x or y (tilt of the hemispherical upper pigtand rotation about z (rotation of the basalgriat
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Engineering Stress (MPa)
@
o

10
0 -2 -4 -6 -8 -10 -12

Engineering Strain

Overall Axial . B _ ) ) _ _ _ ]
Eng. Strain (%) 9.0(10)* -4.0(10)* -0.92 1.90 2.89 3.87 5.82 7.79 9.76  -10.28
x-Face
[1-21]
=S
y-Face I
[49 22 -5] } ’I —

% Strain
00 -20 -40 -0 -80 -10.0 -120 -140

Fig. 4: Stress-strain curve for compressed coppestal from extensometer data and succession ofésiahowing color-coded
image correlation maps of the distribution of coagsive straine(,) on the x- and y-faces as a function of the oVerdhl strain on
the specimen.
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x and y faces cut from crystal x-Face (inside)
Inside surfaces scanned

Upper Region
Middle Region
Primary
slip direction
Lower Region Conjugate
slip direction
y-face x-face
(inside) (inside) % Strain I .

c 2 4 6 -8 -10 12 14
Fig. 5: Model of sample and image correlation str@iaps showing the surfaces scanned were the ingifigces of 1 mm thick
slabs cut from the x- and y-faces. The distingiaes on the x-face are shown. Note the stramnsrror image of that shown in
Fig. 4.
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SEM Images of Pt marks

Strain Map

Top Pt placed
3.82 mm from
top of crystal

Pt arrow placed
6.61 mm from
top of crystal

Reference point for

Bottom Pt mark st
microdifraction scans

placed 10.17 mm
from top of crystal

Fig. 6: The image correlation strain map with lomas of platinum markers shown. SEM images of tired platinum markers are
shown, along with the x-ray microfluorescence mhfhe platinum arrow (central marker) taken onleamline.

45 straln 4 straln %% strain 9% strain s strain %% straln
a LR o 175
12 i FJ
4 az 4 07
.| B
1]
B & o
4 a7 4 a7
12 12
¢ TS o A8
En -‘L-.!Ir!II E},‘, E-.ﬂ I;mc l-.u

x-face y-face
Fig. 7: Image correlation maps of the strain figluthe x- and y-faces.

page 24



Mapping mesoscale heterogeneity in a deformed aappstal.

(a) Out-of-Plane

Orientation
Angle (")
Approximate (b) In-Plane
Scan Location QOrientation
Angle (°)
25 Strain
0
-2
g S (c) Misorientation
015 Angle (%)
Q.20
-6
0.25
.8 2.00E12
1.50E13
2.80E13

4.10E13 (d) Dislocation
540613 Density (m?)
6.70E13

8.00E13

0

75.00

150.0

2250  (e) Maximum

3000 Resolved Shear

3750 Stress (MPa)
450.0

525.0
B800.0

120 um

i -

120 pm
Fig. 8: Microdiffraction maps from the y-face, takeith 2-micron step size. The approximate locationstrain maps is noted.
Note that the bands of high dislocation densityesuppose on gradients in the out-of-plane orieotati

page 25



K.R. Magid et al.

[-2920]

In-Plane Orientation ()

[-49 -22 5]
180 pm

1.80E12
3.42E12
5.04E12
6.86E12
8.28E12
287 pym
9.90E12
1.15E13

1.31E13

1.48E13

1.84E13

1.80E13

@)
Fig. 9: Microdiffraction maps from large area scam8 regions on the x-face noted in strain maleawith 3-micron step size: (a)
in-plane orientation, (b) in-plane misorientatiomgke maps and (c) dislocation density maps. Owahafsets of parallel bands of
high dislocation density and large misorientatiom seen throughout the crystal.

In-Plane Orientation (°) Misorientation Angle (*) Dislocation Density (m 2)
[-2920]
140 pm [-49-22 5]
[12-1]
-4.70 0 0
-4.02
6.8(10) 12
-3.34 0.10
14010 12
-2.66
140 pm 198 0.20 21010
4130 270100
P 0.30
3.4(10)
0.06
0.60 0.40 4.1(10) 3
- x-Face
h 4

(@)
Fig. 10: Microdiffraction maps from large area ssam 3 regions on the x-face noted in strain mayations chosen so to present
data that is more clearly from within the primarydaconjugate bands than in Figure 9. Discontinsiiife maps are experimental
artifacts.
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In-Plane Qrientation (") Misorientation ()
2 ' }- "
v Y|
100 mm .
s
L]
;"
- =il
4 : 4 . - ;;l ﬁ\b
DS
i I
120 mm
13 g i
: et
R e A
g
: e
100 mm f. b ! -
432 o

* Note different scale

1a)

."" i -
L | 57 o

(i}

[-2920]

[49 22 -5] [-12-1]
Dislocation Density (m2)

T

% Strain

Approximate scan locations - no Ptmarks
~ 1 mm remaved when B face removed,
© as indicated on right side

Fig. 11: Microdiffraction maps taken from oppositee of the tested specimen, approximate locationstrain maps are noted.
Sample face underwent no mechanical cutting oshiplg post-deformation.
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Fig. 12: Maps of misorientation angle superimposednaps of dislocation density to demonstrate thialsility of the dislocation
density approximation. This approximation calcudathe dislocation density from the average peakiwmbsuming the peak
spreading is caused by lattice curvature due tessxsame-sign dislocations. The square area acartaken from each of the
strained regions of the crystal, and the stripsunface mapped are 800x30 f1iwne taken from the primary deformation band, two
from the region of mixed primary and conjugate defation.
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(1) Primary & Conjugate region (2) Primary & Conjugate region
297297 pum, 3 ym step 50x50 pm, 1 ym step
¢
5
Dislocation Density
(m*)
2.00E12
1 20E13 (:3) Conjugate region {4} Primary region
’ 180=180 pm, 3 ym step 180=180 pm, 3 pm step
2.20E13
3.20E13
4.20E13
5.20E13
15) Conjugate region {8} Primary region
6.20E13 160160 um, 2 ym stap 160x160 pm, 2 pm step
7.20E13 ! e
g I'J.
L 5
8.00E13 4 " -

Fig. 13: Maps of dislocation density from x-ray naidiffraction results and corresponding Fouriensfarms of each map. The
angle of intersection between the primary and ayatielis approximately 90 degrees in all regiornthefcrystal.
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oSt Strain Map and Scan Locations: 49 22 -5)

[-2920]
[-12-1]

Out-of-Plane

Orientation (°)
0
0.123
0.247
0.370
0.493

4) Primary & Conjugate Region 0617

(4) Yy Jug g 5a0

0.863

(2) Conjugate Region

(6) Primary Region
: "3 3

(1) Along long-length scan {0.030 x 9.592 mm?)
00 WP NN ) N STV U L TN WA

(3) Detail in Conjugate region (7) Detail in Primary region
' (5) Detail in Middle region (8) Detail in Top region

| L. L
Fig. 14: Out-of-plane orientation maps from areanscand long-length scan linked to locations cairstmap. Scans (2), (4) and (6)
were taken with a @m step-size; scans (1), (3), (7), and the longttesgan with a 2um step-size; and scans (5) and (8) with a 1
um step size.
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OYZ

— + 2xstd.dev. - 600

Stress (MPa)

“ea S

Bottom Lower Central Region Top
Region  Transition Transition
Region Region

Fig. 15a: (a) Plot of the in-plane shear stresshin x-face ¢,,) at 20 pm intervals along the line drawn in thgstl. The
compressive strain map is in the background faregfce. The stress scatters over several hundPeq tHe “2” limits are drawn.
(b) The distribution of shear stress values froalihe scan shown.
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Fig. 15b: The distribution of shear stress valuemfthe line scan shown in (a).
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N\

Conjugate

; Primary
| Direction Direction
160 pm ¥
/ / Von Mises
Stress (MPa)
3 150.0
' ® 250.0
‘ﬁ, 350.0
=
5 450.0
50 pm + 550.0
Note shorter, discontinuous E 650.0
boundaries along E
conjugate direction a 750.0
/ \ 850.0
950.0
j=
/ i /

Fig. 16: Maps of the Von Mises shear stress ovellsateas of the x-face taken from the primarymany + conjugate, and
conjugate strain regions, and over 30x800 um stipthe x-face taken from the primary and primargofjugate regions. Note
that the measured residual shear stress reachBa.l G
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Conjugate area scan (180 ym x 180 ym)

Primary+Conjugate area scan (50 ym x 50 pm) Primary area scan (180 um x 180 pm)
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Fig. 17: Comparative maps of the average dislonadiensity and Von Mises stress for the three reggwnstrain in the crystal.
Bands of high stress and high dislocation densipesmpose clearly for the primary shear bandse Juperposition is present, but
less obvious for the conjugate shear bands.
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Maximum Resolved
Shear Stress (MPa)
0
60.0
Primary Conjugate 120
Direction Direction

180

Primary Region

Primary + Conjugate

Mote shorter, discontinuous
boundaries along
conjugate direction

“ _/

Conjugate Region

Fig. 18: Maps of the maximum resolved shear stogss regions taken from the primary, primary + cmgjte and conjugate shear
regions. Note that the bands of maximum stresspitnatilel bands of conjugate shear are relativiffysk and discontinuous.
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Fig. 19: Maps of the crystallographic directiontleé maximum resolved shear, along with the posgilaees that may contain this

direction. Note that the highest stresses lieainds parallel to the primary (111) slip planes,ibutirections that are not contained
in these planes.
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Fig. 20: Dislocation density maps overlaid on MR®8ps, demonstrating correspondence between higgcaii®n density and
maximum shear stresses. This correspondence iaditlaat the dislocations are imposing the sheassds rather than relaxing
them.
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